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We aimed to study the influence of soil water deficit on gas exchange parameters, dry 
matter partitioning in leaves, stem and spike and grain yield of durum (Triticum durum 
Desf.) and  bread (Triticum aestivum L.) wheat genotypes in the 2013–2014 and 2014–2015 
growing seasons. Water stress caused reduction of stomatal conductance, photosynthesis 
rate, transpiration rate, an increase of intercellular CO2 concentration. Photosynthesis rate 
positively correlated with growth rate of genotypes. Drought stress caused adaptive changes 
in dry matter partitioning between leaves, stem and spike of wheat genotypes. Stem dry mass 
increased until kernel ripening. Drought stress accelerated dry mass reduction in leaves and 
stem. High growth rate of spike dry mass was revealed in genotypes with late heading time. 
Spike dry mass positively correlated with photosynthesis rate and grain yield. Generally, 
bread wheat is more productive and tolerant to drought stress than durum wheat. 
Keywords: dry mass, gas exchange, grain yield, water deficit, wheat
Abbreviations: gs – stomatal conductance; Pn – photosynthesis rate; E – transpiration 
rate; Ci – intercellular CO2 concentration; CGR – crop growth rate 
Introduction
Drought caused by lack of water in the soil is one of the main reasons for a decrease in 
wheat production worldwide. Water shortage in the soil is also accompanied with high 
temperature, low humidity and high irradiance after the heading stage of growth. Drought 
is the main cause reducing wheat productivity in rainfed regions of Azerbaijan. Drought 
stress may impair many plant functions, but the main effect is reduction of carbon fixation 
(Delfine et al. 2001). Reduced CO2 diffusion from the atmosphere to the site of carboxyla-
tion (decreased gs plus mesophyll conductance-gm) is the main cause for decreased pho-
tosynthesis under most water-stress conditions (Flexas et al. 2004; Chaves et al. 2009; 
Peeva and Cornic 2009). When drought stress is prolonged, a general metabolic impair-
ment can eventually occur, particularly under conditions of high light intensity that favors 
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oxidative stress (Flexas et al. 2006; Zhou et al. 2007). Drought stress reduces photosyn-
thetic characteristics, shortens the duration of photosynthesis and promotes the senes-
cence of leaves (Liu et al. 2016). A decrease in Pn limits expansion of assimilation area of 
vegetative organs and the accumulation of dry mass. 
In addition to the leaves, photosynthetic active organs of wheat – all parts of the spike 
and the stem participate in CO2 assimilation in light (Wang et al. 2001). Stem and spike 
provide 40–50% of the required photosynthetic products during grain formation and fill-
ing (Evans and Rawson 1970; Araus et al. 1993). The importance of the total biomass in 
the improvement of productivity (Reynolds et al. 2007), especially under drought (Quar-
rie et al. 1999) was reported. Stem reserve utilisation was found to be an effective yield-
supporting mechanism under drought stress (Plaut et al. 2004). Plant productivity under 
drought stress is strongly related to the dry matter partitioning process (Kage et al. 2004), 
and the remobilization of pre-anthesis accumulate can be important for wheat yields 
(Ma et al. 2015). Although moderate drought at various growth stages can increase the 
amount and rate of pre-anthesis assimilate translocation, winter wheat grain yield is low 
under these conditions because dry matter accumulation decreases following anthesis 
(Liu et al. 2016). Drought stress not only limits the size of the source and sink tissues but 
the phloem loading, assimilate translocation and dry matter portioning are also impaired 
(Farooq et al. 2009).
The association of growth and grain yield with gas exchange characteristics of plants 
has not been clearly established (Ashraf and Harris 2013). Our aim was to study the effect 
of soil water deficit on leaf gas exchange parameters, dry mass dynamics in leaves, stem 
and spike and grain yield of durum (Triticum durum Desf.) and bread (Triticum aestivum 
L.) wheat genotypes.We also aimed to clarify the association of gas exchange parameters 
with growth and yield of wheat genotypes.
Materials and Methods
Plant materials and growth condition
The field experiment was conducted during the 2013–2014 and 2014–2015 growing sea-
sons at the Research Institute of Crop Husbandry, located in the Absheron peninsula, 
Baku, Azerbaijan. Eight durum wheat genotypes (Garagylchyg 2,Vugar, Shiraslan 23, 
Barakatli 95, Alinja 84, Tartar, Sharg, Gyrmyzybugda), fourteen bread wheat genotypes 
(Nurlu 99, Gobustan, Akinchi 84, Giymatli 2/17, Gyrmyzy gul 1, Azamatli 95, Tale 38, 
Ruzi 84, Pirshahin 1, 12ndFAWWON№97, 4thFEFWSN№50, Gunashli, Dagdash, Sara-
tovskaya 29) were employed in this study. Seeds of wheat genotypes were planted at the 
end of October, at an average density 400 seeds m–2 in three replications at 1 m × 10 m 
plots, consisting of 7 rows placed 15 cm apart. Control plots were irrigated at germina-
tion, stem extension, and grain filling stages. Rainfed plots were not irrigated during on-
togeny. 
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Gas exchange measurements
The following gas exchange parameters were measured in flag leaf using LI-COR 6400-
XT Portable Photosynthesis System (LI-COR Biosciences, Lincoln, NE, USA): Pn – net 
photosynthesis rate (μmol CO2 m–2 s–1), gs – stomatal conductance (mol H2O m–2 s–1), 
Ci – intercellular CO2 concentration (μmol CO2 mol–1), E – transpiration rate (mmol H2O 
m–2 s–1). Measurements were made between 9:00 and 11:00 on days with full sunlight 
(1100–1500 µmol m–2 s–1 photosynthetically active radiation). Data logging started after 
45 seconds of insertion the leaf into chamber (6 cm2).
Dry mass measurement
The leaf, stem plus sheath and spike dry mass was measured after oven drying at 105 °C 
for 24 h. Crop Growth Rate (CGR) expresses the increase in biomass in a unit of area 
(1 m2) per a day, calculated as proposed by Hunt (1978). Mean values and standard 
deviations were calculated by Excel program. Correlation among traits was calculated 
by SPSS 16 software.
Results
Gas exchange parameters
Stomatal conductance, net photosynthesis rate and transpiration rate decreased signifi-
cantly in flag leaves of genotypes in response to drought stress at anthesis. A decrease of 
stomatal conductance, net photosynthesis rate and transpiration rate amounted to an aver-
age 45%, 40%, 36% in the 2013–2014 growing season, 42%, 43%, 38% in the 2014–2015 
growing season in sensitive genotypes Garagylchyg 2, Vugar, Barakatli 95, Alinja 84, 
Tartar, Nurlu 99, Gobustan, Akinchi 84, Giymatli 2/17, Azamatli 95, Tale 38, Ruzi 84, 
Pirshahin 1 (Table S1*). A relatively less decrease of gs, Pn and E was revealed in geno-
types Sharg, Gyrmyzy bugda, Gyrmyzy gul 1, Gunashli and Dagdash. The intercellular 
CO2 concentration in flag leaf of most genotypes increased under drought condition. 
We found positive relationship between net photosynthesis rate and growth rate of 
genotypes (Fig. S1). This relationship indicates that higher photosynthesis rate allows 
rapid growth rate, greater accumulation of photoassimilates per unit of area. 
Leaf dry mass per stem
The highest leaf dry mass per stem had Tartar among durum wheat genotypes and 
Giymatli 2/17 among bread wheat genotypes both in the 2013–2014 and in 2014–2015 
growing seasons (Figs S2 and S3). Wheat genotypes Vugar, Alinja 84, Akinch 84, 
4thFEFWSN№50 also accumulated higher dry mass at the booting stage of growth. The 
lowest dry mass of leaves was detected in genotype 12ndFAWWON№97. Dry mass of 
*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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leaves reduced on average by 45% under irrigated, 61% under rainfed conditions from 
booting to kernel watery ripe stage in the 2013–2014 growing season, reduced by 75% 
under irrigated, 85% under rainfed conditions from booting to kernel dough ripe stage in 
the 2014–2015 growing season. Reduction in dry mass of leaves can be explained by 
translocation of photoassimilates to stem and spike and also by senescence of leaves, 
which is accelerated under water deficiency. 
Stem dry mass
Stem dry mass of wheat genotypes increased until kernel ripening (Figs S4 and S5). An 
increase in dry mass of stem can be explained as an adaptation to decrease in the assimila-
tion area and dry mass of leaves. The highest dry mass accumulation in the stem was 
detected in tall genotypes Sharg, Gyrmyzybugda, Dagdash and in Tartar, Akinchi 84, 
Giymatli2/17. The lowest dry mass of stem was detected in genotypes Gyrmyzy gul1 and 
12ndFAWWON№97 in the studied years. Water shortage led to a decrease in biomass ac-
cumulation in the stem of studied wheat genotypes. Stem dry mass decreased on average 
by 22% under irrigation, 29% under rainfed condition from kernel watery ripe to kernel 
dough ripe in the 2013–2014 growing season. A decrease in stem dry mass from milky 
ripe to dough ripe amounted to average 37% under both irrigated and rain-fed conditions 
in the 2014–2015 growing season. The largest decrease in the dry mass of stem from 
milky ripe to dough ripe under irrigated and rain-fed conditions was revealed in geno-
types Garagylchyg 2, Vugar, Shiraslan 23, Barakatli 95, Alinja 84, Nurlu 99, Akinchi 84, 
Giymatli 2/17, Gyrmyzy gul 1, Pirshahin 1, while lowest reduction in genotypes Dagda-
sh, Saratovskaya 29 and Gyrmyzybuğda in the 2014–2015 growing season. Less reduc-
tion of stem dry mass is thought to be related to non-sufficient translocation of photoas-
similiates to spike and decrease in harvest index value under terminal drought stress.  The 
last three genotypes had the lowest harvest index in both 2013–2014 and 2014–2015 
growing seasons. 
Spike dry mass 
Water shortage inhibited increase in dry mass of spike. The highest spike dry mass was 
detected in genotypes Tartar, Sharg under irrigated and rainfed conditions (Figs S6 and 
S7). Genotypic differences in the growth rate of dry mass of spikes was revealed.  A high 
growth rate of spike dry mass from kernel watery ripe to kernel dough ripe under irri-
gated and rainfed conditions in the 2013–2014 and 2014–2015 growing seasons was re-
vealed in genotypes Sharg (104%, 92% and 107%, 92%), Gyrmyzybugda (93%, 50% and 
138%, 139%), Gyrmyzy gul 1 (121%, 103% and 141%, 123%), 4thFEFWSN№50 (87%, 
57% and 111%, 79%), Dagdash (130%, 94% and 148%, 106%) and Saratovskaya 29 
(152%, 98% and 174%, 140%). Reductions in dry mass of spike at kernel full ripe is more 
pronounced in the 2013–2014 growing season under water deficit. A significant reduction 
of spike mass under the influence of drought was found in genotypes Shiraslan 23, 
Barakatli 95, Tartar, Gyrmyzybugda, Akinchi 84, 12ndFAWWON№97, 4thFEFWSN№50 
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in the 2013–2014 and in genotypes Nurlu 99, Gobustan, Akinchi 84, 12ndFAWWON№97 
in the 2014–2015 growing seasons. Less decrease of spike mass was revealed in geno-
types Sharg, Tale 38, Pirshahin 1, Gunashli, Dagdash and Saratovskaya 29.
Grain yield
The grian yield of the majority of genotypes was higher in the 2013–2014 growing season 
than that in the 2014–2015 growing season under irrigation (Fig. S8). However the grain 
yield of most genotypes was relatively higher in the 2014–2015 growing season under 
rainfed condition. A relatively strong decrease in grain yield of genotypes occurred in the 
2013–2014 growing season. Reductions in grain yield were strongly expressed in geno-
types Vugar, Barakatli 95, Alinja 84, Tartar, Tale 38, Akinchi 84 in the 2013–2014 grow-
ing season, while in genotypes Shiraslan 23, Sharg, Pirshahin 1, 4thFEFWSN№50 in the 
2014–2015 growing season. A slight decrease in grain yield in the studied years was 
found in genotypes Nurlu 99 and Saratovskaya 29. An average grain yield of durum and 
bread wheat genotypes was 588.6 and 670 g/m2 under irrigation, 357.4 and 451.5 g/m2 
under rainfed condition in the 2013–2014 growing season. Reduction of grain yield was 
39% for durum wheat genotypes, and 33% for bread wheat genotypes. Average grain 
yield of durum and bread wheat genotypes was 539.3 and 558.4 g/m2 under irrigated, 
382.8 and 443.2 g/m2 under rainfed conditions in the 2014–2015 growing season, respec-
tively. Reduction of grain yield constituted 29% for the durum wheat genotypes, 22% for 
the bread wheat genotypes. Genotypes Vugar, Shiraslan 23, Sharg, Gyrmyzybugda, Nur-
lu 99, Gobustan, Ruzi 84, 12ndFAWWON№97, Saratovskaya 29 formed stable grain yield 
under irrigated and rainfed conditions in the studied years. Potential productivity of geno-
types Garagylchyg 2, Barakatli 95, Tartar, Giymatli 2/17, Gyrmyzy gul 1, Tale 38, Pirsha-
hin 1, 4thFEFWSN№50 were higher in the studied years.
Correlations between studied traits
Tables S2 and S3 show correlation coefficients between Pn, gs, E, leaf dry mass, stem dry 
mass, spike dry mass and grain yield under irrigated and rainfed conditions. While gas 
exchange parameters (Pn, gs, E) positively and significantly correlated with grain yield in 
the 2013–2014 growing season, correlation was negative in the 2014–2015 growing sea-
son. Spike dry mass positively and significantly correlated with leaf dry mass and stem 
dry mass under irrigated and rainfed conditions. Spike dry mass positively correlated with 
grain yield, but this correlation was not significant.
Discussion
Photosynthesis plays a pivotal role in grain yield, and nearly 70% of grain is derived from 
current photosynthesis in the leaves (Saeidi et al. 2012). High photosynthetic rate is 
considered to be one of the most important breeding strategies for crop improvement 
(Richards 2000). It is generally accepted that genotypes that are better able to sustain 
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photosynthesis in the flag leaf for a longer time produce higher yields (Guoth et al. 2009). 
Genotypes with high gas exchange indices in flag leaf (Barakatli 95, Alinja 84, Tartar, 
Giymatli 2/17, Tale 38, Pirshahin 1, 4thFEFWSN№50) formed more dry biomass of 
leaves, stem and spike. In addition, genotypes with high gas exchange parameters (Gara-
gylchyg 2, Alinja 84, Tartar, Tale 38, Giymatli 2/17, 4thFEFWSN№50 and Pirshahin 1) 
formed higher productivity. Genotypes with lower rate of photosynthesis (Gyrmyzy gul 
1, 12ndFAWWON№97, Saratovskaya 29) are characterized by lower assimilation area 
and dry mass. Despite the fact that wheat genotypes with high Pn, gs and E are more sensi-
tive to drought, such advantage plays a role in stabilizing the productivity under drought. 
Higher photosynthesis rate, especially at the mid and later grain filling stages, promotes 
post-anthesis dry matter accumulation and grain filling (Man et al. 2015). A positive as-
sociation of Pn with growth rate of wheat genotypes was revealed. Murata (1981) found a 
positive relationship between potential leaf photosynthesis and maximal crop growth rate 
and potential biomass production. Water stress caused a reduction of Pn, gs and E, an in-
crease of Ci. Similar results were obtained in recent study of Liu et al. (2016). Although 
the decline in Pn and E occurred in response to decreased gs, the gs was more closely re-
lated with E than Pn. Our results showed that Pn is regulated both by gs and mesophyll 
conductance (gm, calculated from the ratio Pn/Ci), but gm plays a dominant role in the 
regulation of Pn (Allahverdiyev et al. 2015). It is consistent with the findings of other 
authors (Siddique et al. 1999; Dulai et al. 2006; Olsovska et al. 2016). Green leaves of 
plants are the main source of products derived from photosynthesis (Kong et al. 2010). In 
general, durum wheat genotypes formed relatively large area of leaves per stem and ac-
cumulated more assimilates. However, a relatively high tillering capacity of bread wheat 
genotypes allowed an increase of leaf area index and accumulation of sufficient photoas-
similates in unit of area. Our results showed that, assimilation area of leaves constitutes 
64–87% of the total area depending on the genotype, the rest of the area accounted for 
stem at the booting stage. According to our results, flag leaf area constituted 74% under 
irrigation, 77% under rainfed of total leaf area at milky ripe stage. Flag leaf forms 75% of 
an effective leaf area for grain filling (Miller 1992). Flag and lower leaves have a signifi-
cant share in 14C accumulation in internodes, which indicate that leaves in the first place 
support carbohydrate collection before anthesis, for the development of early flowers 
(Griffith 1992). A positive and significant correlation of leaf dry mass with stem and spike 
dry mass indicate that leaves are main source of soluble carbohydrates. The largest dry 
mass of leaves per stem of wheat plant found in the booting stage, in the following growth 
stages (anthesis, kernel ripening) leaves in the lower layers gradually dries both in irriga-
tion and rainfed conditions. However, the drought intensifies the senescence of leaves and 
dry mass further reduced due to increased respiration and translocation. The stem is an 
important assimilative organ, the main reserve of photosynthetic products transported to 
the spike during grain filling (Yang et al. 2001). Our results showed that, an increase in 
the assimilation area of stem continued until watery ripe, while an increase of dry mass 
continued until milky ripe. The accumulation of reserves in the stem begins from the 
formation of the first node continues until the beginning of grain filling (Berry et al. 
2002). According to the reduction of dry mass of stem and increasing dry mass of spike 
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from kernel watery ripe stage to kernel dough ripe stage it can be said that stem reserves 
has 10–50% share of increase in spike mass. Drought stress accelerated dry mass reduc-
tion in stem. The capacity of wheat genotypes to send more assimilates from stem into 
grain can be used as an important selection criteria. Translocation of stem reserves into 
grain was not sufficient in tall genotypes (Sharg, Gyrmyzybugda, Dagdash, Saratovskaya 
29). Nor was there evidence that stem growth in tall cultivars was more likely to compete 
with grain growth (Rawson and Evans 1971). Spike is an important photosynthetic organ 
in green state, sink of photoassimilates is accumulated in leaves and stem. Our results 
showed that spike assimilation area constitutes 10.3% under irrigated, 10.8% under rain-
fed conditions during grain formation. Spike dry mass decreases under drought condition 
due to insufficiency of source. High growth rate of spike dry mass in some genotypes with 
late heading time can be explained by shortening the period of grain ripening. Bread 
wheat genotypes were superior to durum wheat genotypes for their yield and tolerance to 
drought stress. Our result is in agreement with result of Mekliche et al. (2015).
In the field conditions gas exchange parameters strongly dependent on the environ-
mental factors (light intensity, air humidity, temperature, etc.). There was a positive cor-
relation between gas exchange parameters and grain yield in the 2013–2014 growing 
season, while negative correlation was revealed in the 2014–2015 growing season. Grain 
yield negatively correlated with leaf dry mass and stem dry mass both in the 2013–2014 
and 2014–2015 growing seasons. If compare, higher leaf dry mass, especially stem dry 
mass of wheat genotypes was formed in the 2014–2015 growing season than 2013–2014 
growing season. In favorable conditions higher accumulation of photoassimilates in 
leaves, especially in stem compete with the outflow of photoassimilates to grains. There-
fore, although the rate of photosynthesis was positively correlated with the accumulation 
of dry matter in the leaves and stem, negatively correlated with the grain yield in the 
2014–2015 growing season. In our opinion continuing photosynthesis in flag leaf and 
spike in the postanthesis grain ripening stages play a significant role in the formation of 
grain yield. An enhanced grain yield of wheat is consistently associated with changes in 
photosynthetic characteristics, such as Pn, Tr and gs of the flag leaf (Dahal et al. 2014). We 
detected positive significant correlations between grain yield and biological yield, spike 
number per m2, harvest index both under irrigated and rainfed conditions in the 2013–
2014 growing season (Allahverdiyev 2016) and in the 2014–2015 growing season (un-
published results). Grain yield positively correlated with spike dry mass. Genotypic dif-
ferences in biomass accumulation in leaves, stem, spike, as well as in the duration of the 
period of outflow of assimilates to the grain plays an important role in the formation of 
the grain yield. This process is significantly modified in adverse growing conditions. The 
relationship between grain yield and Pn is not straight forward for a number of reasons 
(Reynolds et al. 2000). There are a number of physiological factors that reduce the amount 
of net carbon fixed which is then available for growth, principally respiration of assimi-
lates during the dark period (Amthor 1989), as well as loss of carbon from root exudates, 
senescence and other processes. The absence of correlation between photosynthesis, indi-
vidual photosynthetic parameters and grain yield is caused by biotic and abiotic factors 
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whose limiting effect can be noticed during the phase of assimilate transport from the 
source (green photosynthetic organ) to the sink (spike, grain) (Sharkey et al. 1995). 
As a conclusion, drought stress affects leaf gas exchange parameters, dry matter ac-
cumulation in different organs (leaf, stem and spike), grain yield of wheat. The decline in 
photosynthesis and transpiration rate occurred in response to decreased stomatal conduct-
ance. An increase in Ci indicates non-stomatal limitation of photosynthesis at anthesis. 
Water stress inhibits accumulation of dry mass, accelerate senescence of leaves and bio-
mass translocation. High photosynthesis rate is associated with high growth rate, can be 
used as a breeding strategy for wheat improvement. Adaptive changes in dry matter par-
titioning take place under drought stress. Water stress inhibits an increase of spike dry 
mass due to insufficient sources. Generally, bread wheat is more productive and tolerant 
to drought stress than durum wheat. Despite the fact that tall genotypes loses less yield 
under drought conditions, hence more resistant, translocation of stem reserves into grains 
is low in such genotypes, consequently the productivity decreases. Correlation between 
photosynthesis rate and grain yield not established strictly. 
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